The amount of carbon (psmoles of carbon atoms) drained from the tricarboxylic acid cycle for protein synthesis was compared with pmoles of CO2 released from the cycle at 2-day intervals during the growth of suspension cultures of Paul's Scarlet rose. We concluded that during the period of most rapid protein synthesis (day 0-4) one-sixth as much carbon was drained from the tricarboxylic acid cycle for protein synthesis as was released as CO2. By day 8, one-thirtieth of the amount of carbon released as CO2 was incorporated into protein. Net protein synthesis stopped on day 8, but the evolution of C02/culture continued at its maximum rate until day 10.
until day 10.
Similar ratios were calculated based on the recovery of '4C in protein versus CO2 following a 3-hr provision of labeled substrates to 3-day-old cells (age of maximum protein synthesis). Provision of acetate-1-14C and acetate-2-'4C indicated from one-eighth to an equal amount of carbon was incorporated into protein as was released as CO2. When 14C-labeled intermediates of the tricarboxylic acid cycle were provided, the ratio of 14C incorporated into protein versus that evolved in CO2 ranged from 1/0.9 to 1/4.9.
Following a critical analysis of the methods used, it was concluded that during periods of rapid protein synthesis, a conservative estimate of the amount of carbon drained from the tricarboxylic acid cycle for protein synthesis was one-fourth of the amount evolved as CO2 from the cycle.
Each complete turn of the TCA1 cycle results in the indirect oxidation of one acetate molecule and the release of two CO2 molecules. Thus the number of carbon atoms lost as CO2 matches the number of carbon atoms entering the cycle as acetate, and if this were the only loss the cycle would be self sufficient. However, various intermediates are drained from the cycle and used in amino acid synthesis (5) . Carbon removed in this form must be replenished in order for the cycle to continue its operation.
The amount of carbon removed from the TCA cycle for amino acid synthesis at different stages of cell development is unknown. In the present investigation, the magnitude of this drainage was studied by comparing the amount of carbon removed from the TCA cycle for protein synthesis with the amount released as CO2 at different stages during the growth of suspension cultures. Two methods were used to make this comparison. In the first approach the ,umoles of carbon entering protein were calculated with a formula based on the net increase in protein measured by the Lowry assay (8) , the amino acid composition of protein in rose cells as reported by Dougall (3) , and the molecular structure of amino acids derived from TCA cycle intermediates. The ,^moles of CO2 released from the cycle were determined by measuring total CO2 evolution with an IR analyzer and correcting the values for CO2 coming from glycolysis. In the second approach the 14C recovered in protein was compared with that released in CO2 following a 3-hr provision of radioactive TCA cycle intermediates to 3-day-old cells (the age of maximum protein synthesis).
MATERIALS AND METHODS
Suspension cultures of Paul's Scarlet rose were grown in 250-ml flasks containing 80 ml of MPR medium. The growth conditions and the composition of the medium were the same as previously reported (4, 12) with one exception, the concentration of molybdic acid in the medium was 0.01 mg/I and the concentration of iodide was 0.5 mg/l.
The respiratory rates of the suspension cultures were determined on selected days during the 14-day (10) .
A Beckman Model LS-100 liquid scintillation counter was used to determine the amount of 14C present in the various fractions examined. Ten ml of scintillation fluid was added to each vial containing the sample to be counted. The scintillation fluid consisted of 6 g of 2,5-diphenyloxazole, 100 g of napthalene, and 1 liter of 1,4-dioxane.
Radioactive substrates used included: acetic acid-1-_4C (9 mCi/mmole), acetic acid-2-14C (12 mCi/mmole), citric acid-1,5-14C (8 mCi/mmole), succinic acid-2,3-l4C (22 mCi/mmole), and L-malic acid-U-"4C (82 mCi/mmole).
RESULTS
During the 14-day growth cycle the respiratory rate/culture (,umoles CO2 released/hr-culture) increased rapidly up to day 10 and then decreased ( Fig. 1) . In a later part of this study, these values were used to compute the amount of CO2 released during 2-day intervals throughout the growth cycle (Table II) .
Net protein synthesis occurring during one growth period was followed by determining the changes in mg of protein/culture (Fig. 1) . The protein/culture increased rapidly up to day 4 , and then at an ever decreasing rate until by day 8 there was no additional increase in protein. These data were used in the calculations described in the next section to estimate the amount of carbon drained from the TCA cycle for protein synthesis (Table II) The ,umoles of CO2 released/culture for each 2-day interval was calculated from data shown in Figure 1 . Since these values represented the CO2 evolved from all of the decarboxylation reactions occurring within the tissue it was necessary to make a correction to obtain the estimated CO2 evolved from the TCA cycle. Theoretically when glucose is fully oxidized one-third of the evolved CO2 comes from the Embden Meyerhof Parnas pathway and two-thirds from the TCA cycle. Therefore the values were reduced by one-third. This was considered a conservative correction since no attempt was made to reduce the value still further to account for CO2 evolved from the pentose phosphate pathway and other decarboxylation reactions.
The amount of carbon drained from the TCA cycle for protein synthesis was compared with that evolved as CO2 during each 2-day interval of the growth cycle by calculating a ratio: ,umoles of carbon atoms drained into protein versus ,umoles of CO2 evolved (Table II) . The ratio was the largest (1:5.6) during the first 4 days of the cycle and decreased thereafter to its minimum value of 1:29.7 between day 6 and day 8. A ratio could not be calculated between days 8 and 12 because, although CO2 evolution continued, no net protein synthesis occurred.
A second method for estimating the carbon drainage from the TCA cycle for protein synthesis was to study the utilization of radioactive metabolites by 3-day-old cells (period of most rapid protein synthesis, Fig. 1 ). After a 3-hr incubation period in acetate-14C, or a radioactive intermediate of the TCA cycle, the 14C recovered in protein-bound amino acids was determined (Table III) . The total 14C in amino acids derived from TCA cycle intermediates was compared with the 14CO2 evolved from the cycle during this same time period (Table IV) .
When appropriate respiratory substrates labeled with 14C were provided and a comparison was made between 14C recovered in protein versus C02, the following ratios were obtained: acetate-1-'4C, 1:8.2; acetate-2-54C, 1:0.9; citrate-i, 5- 14C, 1:4.9; succinate-2,3-54C 1:0.9; and L-malate-U-_4C, 1:3.8. Although the 14C ratios differed depending on the substrate provided, in all cases, except for acetate-1-_4C, the protein to CO2 ratio was smaller than the ratio of 1:6 which had been calculated from the protein and respiratory data.
DISCUSSION
Based on net increases in protein and respiratory rates it was estimated that during the period of peak protein synthesis (day 0-4) approximately one-sixth as much carbon left the cycle for protein synthesis as was evolved as CO2. During the later stages of growth the amount of carbon removed for protein synthesis diminished in comparison to that evolved as CO2 and the ratio became progressively smaller so that by days 6 and 8 the ratios were 1:18 and 1:30 respectively. The calculation used to arrive at the ratios cited in the previous paragraph included a theoretical correction for CO2 coming from the Embden Meyerhof Parnas pathway (2, 9) . The pentose phosphate pathway was recognized as an additional source of CO2 (2), but no effort was made to correct for CO2 arising from this source because of the variability existing between plant species and the changes accompanying cell maturation (1, 6, 7, 15) . Other decarboxylation reactions were also ignored because of a lack of information. If an adjustment had been made for these alternate sources of CO2, the ratios cited in the previous paragraph would have increased. Furthermore, it was recognized that a correction for the fixation of endogenously generated C02 should have been made (11), but was not, because of inadequate information. Such a correction would have decreased the ratios. Due to these intangibles, the ratios based on protein synthesis and respiration were viewed as approximations, and required confirmation by another method.
The second method used was to provide selected 14C-labeled substrates to cells and compare the 14CO2 released with the 14C incorporated into protein. Difficulties associated with the first method were overcome by providing substrates which were more closely related to the TCA cycle than to other decarboxylation reactions. Provision of acetate-1-14C and acetate-2-14C yielded ratios of 14C in protein-bound amino acids to evolved 14CO2 of 1/8.2 and 1/0.9, respectively, while provision of various TCA cycle intermediates yielded ratios ranging from a high of 1/0.9 for succinate-2,3-14C to a low of 1/4.9 for citrate-1,5-14C. With the exception of acetate-1-14C the ratios of 14C in proteinbound amino acids versus 14C in CO2 were all larger than the 1/6 ratio arrived at in the study described in the previous paragraph.
The ratios of 14C in protein versus evolved 14CO2 varied a great deal depending upon the substrate provided. These differences were believed to be due primarily to: compartmentation of metabolites within the cell (9, 13) and the position of labeled carbon atoms within the molecular structure of the various substrates provided. The latter was probably the major cause of the different ratios. If the intermediate provided contained 14C in a carboxyl group, such as citrate-1,5-14C, then the 14C was released as CO2 shortly after the intermediate entered the TCA cycle. However, if the 14C was situated in internal carbon atoms, such as in succinate-2,3-14C, then the 14C was cycled through TCA cycle intermediates until molecular interconversions shifted the 14C into carboxyl groups which were subsequently cleaved. The more turns of the cycle completed before the decarboxylation of the labeled carbon atoms, the more opportunity for the compounds containing the 14C to be drained from the cycle and used in amino acid synthesis. Based on these considerations, it was predicted that acetate-I-"4C would yield a protein to CO2 ratio somewhat lower than that of citrate-1,5-14C. For L-malate-U-"4C the ratio would be higher than that of citrate-1,5-14C. Succinate-2,3-14C should yield a ratio close to that of acetate-2-14C. The actual ratios obtained in the experi-ment showed these predicted relationships.
Another factor influencing the accuracy of the 14C ratios was the failure to recover 14C incorporated into arginine, hydroxyproline, lysine, and cysteine, all derived from TCA cycle intermediates. Omission of these values led to an underestimation of the drainage. An error in the opposite direction arose from the inability to distinguish between 14C in leucine and isoleucine because of their poor chromatographic separation. In certain cases, a large portion of the 14C associated with these amino acids was no doubt in leucine which was not synthesized from a TCA cycle intermediate. This was especially true when acetate was provided since it was incorporated directly into the molecular structure of leucine (5) . Including 14C in leucine in the calculation led to an overestimation of drainage from the cycle.
The two experimental approaches used in this study indicated that the drainage of carbon from the TCA cycle for amino acid synthesis during the period of maximum protein synthesis was between 1/8.2 and 1/0.9 of the carbon evolved as CO2 from the cycle. Taking into consideration the factors discussed in the preceding paragraphs, a conservative estimate of the actual drainage would be 1/4. LITERATURE CITED I. BEEVERS, H. AND M. GIBBS. 1954 . The direct oxidation pathway in plant respiration. Plant
